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In contrast to some extensively examined food mutagens, for example, aflatoxins, N-nitrosamines and heterocyclic amines, some other food con-
taminants, in particular polycyclic aromatic hydrocarbons (PAH) and other aromatic compounds, have received less attention. Therefore, exploring
the relationships between dietary habits and the levels of biomarkers related to exposure to aromatic compounds is highly relevant. We have inves-
tigated in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort the association between dietary items (food groups and
nutrients) and aromatic DNA adducts and 4-aminobiphenyl-Hb adducts. Both types of adducts are biomarkers of carcinogen exposure and possibly
of cancer risk, and were measured, respectively, in leucocytes and erythrocytes of 1086 (DNA adducts) and 190 (Hb adducts) non-smokers.
An inverse, statistically significant, association has been found between DNA adduct levels and dietary fibre intake (P¼0·02), vitamin E
(P¼0·04) and alcohol (P¼0·03) but not with other nutrients or food groups. Also, an inverse association between fibre and fruit intake, and
BMI and 4-aminobiphenyl-Hb adducts (P¼0·03, 0·04, and 0·03 respectively) was observed. After multivariate regression analysis these inverse
correlations remained statistically significant, except for the correlation adducts v. fruit intake. The present study suggests that fibre intake
in the usual range can modify the level of DNA or Hb aromatic adducts, but such role seems to be quantitatively modest. Fibres could reduce
the formation of DNA adducts in different manners, by diluting potential food mutagens and carcinogens in the gastrointestinal tract, by speeding
their transit through the colon and by binding carcinogenic substances.
DNA adducts: Haemoglobin adducts: Non-smokers: Fibre intake: Air pollution
Most cancers result from a complex interaction of environ-
mental factors, genetic susceptibility and lifestyle factors(1).
Diet is an important component of lifestyle, and its role in
the maintenance of good health and as a determinant of differ-
ent types of chronic diseases, including cancer, has been
extensively studied(1). Diets that emphasise the consumption
of whole-grain foods, legumes, vegetables and fresh fruits
and that limit animal fat have been associated with decreased
cancer risk(1–4). Dietary patterns with high intake of fibres
have also emerged as possible important preventive factors
for cancer(1–4). On the other hand, diet can contribute to
cancer risk through the consumption of food mutagens(5), con-
tained in contaminated foods or generated by frying, toasting
and broiling of certain foods(6). In contrast to some extensively
examined food mutagens, for example, aflatoxins, N-nitrosa-
mines and heterocyclic amines, some other food contaminants,
in particular polycyclic aromatic hydrocarbons (PAH) and
other aromatic compounds, have received less attention.
PAH may occur in fried and charcoal-grilled meat or in the
food chain as a result of environmental pollution(5–7). PAH
are an important class of carcinogens, capable of inducing
the formation of DNA adducts leading to DNA damage after
metabolic activation(8). Targets for PAH carcinogenicity are
several organs, including lung and bladder(8). Some evidence
has been also reported for an association between dietary
PAH and colon cancer or adenomas(9,10). In addition,
increased levels of bulky DNA adducts have been detected
in the colon mucosa of colon cancer patients and in early
stages of colon carcinogenesis(11,12).
4-Aminobiphenyl (4-ABP) is a human bladder carcinogen
formed during tobacco combustion, and detected both in
main- and side-stream smoke(13,14). Although tobacco smoke
is the main source of 4-ABP human exposure, additional
sources are known that may contribute to the total burden of
human exposure, including diesel exhaust and heated cooking
oils(15–17). Upon metabolic activation, 4-ABP reactive species
bind covalently to DNA to form adducts, that, if not
repaired, may start the process of carcinogenesis. 4-ABP reac-
tive species in the body also bind to other macromolecules,
including Hb(18).
Exploring the relationships between dietary habits and the
levels of biomarkers related to exposure to aromatic com-
pounds is highly relevant. Food can be the source of muta-
genic aromatic compounds, but it can also exert a protective
effect over the genotoxic potential of certain compounds.
In particular, an inverse association between fruit and/or veg-
etable intake and carcinogen-DNA adducts has been recently
reported, including observations in the European Prospective
Investigation into Cancer and Nutrition (EPIC) study (limited
to the Italian branch)(19–21).
In the present study, we have investigated in the EPIC
cohort the association between dietary items and bulky DNA
adducts and 4-ABP-Hb adducts measured, respectively, in leu-
cocytes and erythrocytes of non-smokers.
Subjects and methods
Selection of subjects and collection of specimens
EPIC is a multicentre European study, coordinated by the
International Agency for Research on Cancer, Lyon, in
which more than 500 000 healthy volunteers were recruited
in ten European countries (France, Denmark, Germany,
Greece, Italy, The Netherlands, Norway, Spain, Sweden,
UK) corresponding to twenty-three recruitment centres(22).
The cohort includes subjects of both sexes, mostly in the
age range 35–74 years at recruitment. Recruitment took
place between 1993 and 1998. Detailed dietary and lifestyle
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histories collected mainly through self-administered ques-
tionnaires, plus a 24 h dietary recall through individual-to
individual interview (in a 10% sample), anthropometric
measurements and a 30–40ml blood sample are available.
All questionnaire information is available in a computerised
format. Signed informed consent forms were collected from
all participants (except a sub-group of the Oxford cohort
who gave consent on postal questionnaires).
GenAir is a case-control study nested within the EPIC
cohort, aiming at studying the relationship between select
cancer types and air pollution or environmental tobacco
smoke. Cases are subjects with bladder, lung, oral, pharyngeal,
or laryngeal cancers or leukaemia, all newly diagnosed after
recruitment. Only non-smokers or ex-smokers since at least
10 years were eligible for the GenAir sub-study. Three con-
trols per case were matched for exposure assessment and the
analysis of questionnaire data, and two controls per case for
laboratory analyses. Matching criteria were sex, age (^5
years), smoking status (never or former smoker), country of
recruitment, and follow-up time(23).
GenAir has been approved by the Ethical Committee of the
International Agency for Research on Cancer, and by the local
Ethical Committees of the twenty-three centres.
The present study focuses on dietary determinants of DNA
or Hb adducts in a healthy population, therefore the analysis is
limited to the control population of GenAir.
Overall, 2977 controls met the protocol criteria. Of these
subjects, 1564 had blood samples. Blood samples of controls
for centres which have released an ethical approval have
been sent to laboratories for investigation. The Malmö
centre has decided not to allow the use of its blood samples,
while Umeå participated only with erythrocytes. Therefore,
DNA samples were available and successfully analysed
among 1086 control subjects. Levels of 4-ABP-Hb adducts
were analysed in 190 Hb samples.
Dietary variables
Dietary information on the frequency of consumption of more
than 120 foods and drinks has been obtained by dietary ques-
tionnaires developed and validated in a pilot phase in
each participating country. At enrolment, weight, height, and
waist and hip circumferences have been measured for each
participant. Detailed information has been collected on repro-
ductive history, physical activity, smoking and alcohol drink-
ing history, medical history, occupation, education level and
other socio-economic variables.
Here we consider dietary variables that can be associated
with levels of DNA adducts as suggested by previous investi-
gations: intake of fruit, legumes, vegetables, alcohol, total
energy, fibres, vitamins C and E, b-carotene (as estimated
from food intake) and (only in four centres) folic acid (nine
dietary items were analysed plus alcohol and BMI). Also
BMI was considered as a potential predictor of DNA and
Hb adducts. For details on the methods, see Peluso et al.
and Airoldi et al. (23,24). Also exposure levels for selected air
pollutants (NO2, PM10 (particulate matter of 10mm or less),
SO2, ozone) have been estimated in GenAir; details on the
estimation methods and results for lung cancer are given else-
where(23,25).
[32P]DNA post-labelling technique
DNA was extracted and purified from the buffy coat using a
method requiring enzymic digestion of RNA and proteins fol-
lowed by phenol–chloroform extraction, with the exception of
the Danish samples that were extracted and purified from
lymphocytes using a technique based on a salting-out pro-
cedure(23). Coded DNA was stored at 2808C until laboratory
analysis. Bulky DNA adducts were analysed blindly using the
nuclease P1 modification of the [32P]post-labelling assay(23) in
the laboratory directed by M. P. Details of the technique have
been previously reported(23).
4-Aminobiphenyl-Hb extraction and quantitative analysis
Packed erythrocytes were selected at the International Agency
for Research on Cancer and sent frozen to the Mario Negri
Institute where they were stored at 2808C until analysis.
4-ABP-Hb adducts were determined by parent arylamine
after alkaline hydrolysis of the adducted Hb, and quantified
by high-resolution GC-negative ion chemical ionisation-MS
with selective ion monitoring as its pentafluoroacyl derivative,
using the stable-isotope dilution technique. Details of the
methodology used have been previously described(24).
Statistical analysis
We have computed correlation coefficients, and regression
coefficients in multivariate regression models. The models
included age, sex, country, smoking (never/ex-smoker), edu-
cational level (in six categories) and BMI (continuous). In
addition the intake of fibres, fruit, legumes, vegetables, and
energy, and estimates of the intake of vitamins C and E,
and b-carotene were considered (all continuous variables).
We also considered estimated intake of folic acid (available
in four centres), and four air pollutants. Descriptive statistics
and frequency histograms indicated that adduct levels
were not normally distributed, because of a large number
of adduct values that were below the detection limit of
the method. For levels of DNA adducts below the
instrumental detection limit of 0·1 we have imputed the
value of 0·1. Hb samples with undetectable 4-ABP adduct
levels (#20 pg/g Hb) were considered as having half the
detection limit of the method (i.e. 10 pg/g Hb). Since only
nine selected dietary items (based on previous hypotheses)
plus alcohol and BMI have been selected we did not apply
Bonferroni correction for multiple comparisons.
We used adducts as a continuous variable with and without
log-transformation.
Results
Table 1 shows the mean levels and standard deviations of
bulky DNA adducts and 4-ABP-Hb adducts, by relevant
demographic variables. As it has already been stressed(23),
one limitation of the adduct technology is the large inter-indi-
vidual variability (large standard deviations). Table 2 shows
the mean levels of DNA and Hb adducts below and above
the median levels of relevant dietary or anthropometric vari-
ables. For Hb adducts there were no appreciable differences
for any dietary variable except for fibres, fruit and BMI.
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The distribution was skewed for both types of adducts, but
particularly for Hb adducts, and the analyses were repeated
after log-transformation, with only slight changes. Both
types of adducts, but particularly Hb adducts, show lower
mean levels for higher fibre intakes. Table 3 shows correlation
coefficients between adduct levels and selected dietary
variables. Statistically significant associations are evident for
DNA adducts and the intake of fibres (correlation coefficient
20·067; P¼0·02) and for Hb adducts and the intake of fibres
(correlation coefficient 20·15; P¼0·03) and fruit (correlation
coefficient 20·15; P¼0·04). No association was found
between either adduct type and folate intake.
Table 4 shows multivariate regression models including
age, sex, smoking status and country. Based on results
shown in Table 3, alcohol and energy were added to the
DNA adducts model, and BMI to the 4-ABP-Hb adducts
model. A statistically significant association is shown between
fibres and DNA adducts. The association with fibre intake
became slightly weaker when ozone, an air pollutant, was
included into the model. Other air pollutants (PM10, SO2,
NO2) had no clear effect on adduct levels; details are given
elsewhere(25). Also, the association with fibres was apparently
present only in former smokers. An association between fibre
intake and 4-ABP-Hb adducts is suggestive but falls short of
significance. An association between BMI and Hb adducts is
also suggested but disappeared after log-transformation of
the adduct variable (Table 4).
Discussion
In the EPIC investigation we have recently examined prospec-
tively the ability of bulky DNA adducts to predict cancer and
we have found that leucocyte DNA adducts may predict lung
cancer risk among never and former smokers(24). In addition
we have provided evidence that, particularly among women,
elevated 4-ABP-Hb adducts may help identify subjects at
higher risk of environmental tobacco smoke-related cancers(24).
In the present study, we have investigated the association
between dietary items and bulky DNA adducts and 4-
ABP-Hb adducts measured, respectively, in leucocytes and
Table 2. Mean levels of bulky DNA adducts or 4-aminobiphenyl
(4-ABP)-Hb adducts below and above the median level of fibre intake
and other selected dietary variables and BMI (one or two missing values
depending on item)
(Mean values with their standard errors)
n Mean SE P *
DNA adducts
Fibres
Below median 545 0·73 0·025 0·025
Above median 539 0·65 0·020
Fruit
Below median 528 0·67 0·023 0·15
Above median 557 0·72 0·023
Vegetables
Below median 548 0·68 0·024 0·43
Above median 537 0·71 0·023
Legumes
Below median 521 0·66 0·021 0·04
Above median 564 0·73 0·025
Alcohol
Below median 500 0·73 0·024 0·04
Above median 584 0·66 0·022
BMI
Below median 552 0·70 0·024 0·78
Above median 533 0·69 0·023
Energy intake
Below median 522 0·72 0·025 0·12
Above median 563 0·67 0·022
4-ABP-Hb adducts
Fibres
Below median 89 40·46 6·77 0·07
Above median 93 27·57 3·62
Fruit
Below median 92 39·76 5·76 0·11
Above median 96 28·84 4·68
BMI
Below median 96 38·98 6·56 0·14
Above median 92 29·15 3·21
* Based on t test.
Table 1. DNA and 4-aminobiphenyl (4-ABP)-Hb adducts, by demo-
graphic variables and smoking





Mean SD Mean SD
Subjects (n) 1086 190
Sex
Women 0·71 0·55 40·0 66·8
Men 0·68 0·54 29·4 31·8
Age (years)
, 55 0·69 0·61 35·5 55·5
55–64 0·68 0·53 35·6 56·2
65þ 0·71 0·52 30·6 37·6
Smoking status
Never smoker 0·71 0·57 34·5 59·0
Former smoker 0·69 0·52 33·1 38·0
Table 3. Correlation coefficients between selected dietary
variables and adduct levels (Pearson correlation coefficients
and P values)
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erythrocytes of non-smokers. The rationale came from the pre-
sence of mutagenic PAH and aromatic compounds in food,
and from previous observations relating high intakes of fruit
and vegetables to decreased levels of adducts. No dietary
item was associated with the levels of aromatic DNA or Hb
adducts, except the intake of fibres, independently of levels
of vitamins or folate intake.
When exposure to an air pollutant, ozone, was included
into the regression model, the role of fibres was slightly wea-
kened. Also, the association with fibres was present only in
former smokers, an observation that suggests complex inter-
actions between exposure to carcinogens and to protective
compounds. In a study in healthy volunteers we have found
that diet can have an important effect on the induction of
DNA repair genes(26). One can speculate the expression
of DNA repair genes is increased by fibre intake or correlates
of fibre intake (such as polyphenols), particularly in subjects
who have had extensive DNA damage in the past such as ex-
smokers.
Whereas the effect of fruit and vegetable intake on the for-
mation of adducts of different carcinogens has been widely
investigated, studies on the effects of dietary fibres are
scanty. The relationship of fruit and vegetable consumption
to bulky DNA-adduct formation was already examined by us
in a case-control study on bladder cancer(19). The level
of leucocyte DNA adducts was shown to decrease with
increasing levels of vegetable consumption in controls.
In addition, the association between case or control status,
and the level of adducts (below or above the median value)
was stronger in subjects who consumed less than one portion
of vegetables per d (OR 7·80; 95% CI 3·0, 20·3) than in heavy
consumers (OR 4·98 for consumers of two portions per d; OR
1·97 for consumers of three or more portions per d). In another
study among healthy subjects, inverse associations emerged
between levels of bulky DNA adducts and plasma retinol
(P¼0·02), a-tocopherol (P¼0·04) and g-tocopherol
(P¼0·03), but not carotenoids (except a borderline inverse
association with b-carotene; P¼0·08)(27).
Concerning 4-ABP adducts, in a previous study among
bladder cancer patients we found that 4-ABP-DNA adducts
in bladder biopsies were inversely related to fruit and vege-
table intake(20). In a more recent study we reported an inverse
correlation also between 4-ABP-Hb adduct levels and fruit
and vegetable consumption in non-smokers(24). Moreover,
4-ABP-Hb adducts were reportedly modulated by the intake
of carotenoids in the control population of a large case-control
study on smoking-related bladder cancer, this effect being
confined to current smokers(28).
Possible mechanisms for the inverse association between
fibre intake and adduct formation include:
(1) Bacterial fermentation of dietary fibre produces SCFA,
including butyrate, that can protect the colonic mucosa
barrier(29), increase apoptotic response to genotoxic
carcinogens(30) and enhance glutathione transferase p
expression(31);
(2) Dietary fibre can decrease the levels of DNA damage by
enhancing the action of antioxidant components con-
tained in phytochemicals; the protective effects may be
mainly due to some components, including phenolic poly-
saccharides and polyphenols, which are present in the cell
walls of various plants and that can be released by bac-
terial enzymes in the colon. Indeed, flavonoids, polyphe-
nols and other plant compounds have been shown to be
capable of inhibiting DNA adduct formation(32,33), possi-
bly by their antioxidant activity or by interfering with the
metabolic pathways of activation/detoxification of food
mutagens(33);
(3) The protective effects of an increased intake of fibre may
be related to increased faecal bulk or reduced transit
time(34), thereby diluting potential toxins and carcinogens
and reducing their contact time with the colonic
epithelium.
It is unlikely that the present results can be explained by
bias or confounding. The study had a prospective nature,
and dietary ascertainment took place several years before
adduct measurement, which was blind as to dietary variables.
Alcohol and several of the potential confounding factors, such
as age, sex, smoking status, BMI, energy intake, intake of
fruit, legumes, vegetables, meat, vitamins and folate have
also been evaluated in the present study.
In summary, after finding a clear protective effect of fibres
in colon carcinogenesis(35), the present study from the same
population (the EPIC prospective study) suggests that fibres
can modify the levels of bulky DNA adducts and 4-ABP-Hb
adducts.
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Table 4. Multivariate regression models*
Independent variables Parameter estimate t P
DNA adducts
Age (continuous) 0·000 0·17 0·857
Sex 20·01 20·43 0·67
Country – 22·92 0·003
Smoking status† 20·03 20·74 0·46
Alcohol (g/d) 20·002 21·83 0·07
Energy (MET) 0·000 0·49 0·62
Fibres (g/d) 20·006 22·28 0·02‡
After inclusion of ozone
Fibres 20·0054 21·97 0·050
Ozone (mg/m3) 0·007 1·95 0·051
After stratification by smoking habits
Fibres (non-smokers) 0·002 20·55 0·57
Fibres (former smokers) 20·009 22·39 0·02§
4-BP-Hb adducts
Age (continuous) 20·48 21·06 0·27
Sex 11·3 1·41 0·16
Country – 1·19 0·23
Smoking status† 1·07 0·13 0·90
BMI 22·18 22·59 0·01k
Fibres 0·94 22·21 0·03{
MET, metabolic equivalent values; ABP, aminobiphenyl.
* The dependent variable is DNA adducts or 4-ABP-Hb adducts. All independent
variables except sex, country and smoking (never or ex-smoker) are continuous.
Ozone was measured in 1990–98.
† Former v. never smokers.
‡ After log-transformation of DNA adducts, t ¼ 22·02 (P¼0·04).
§ After log-transformation of DNA adducts, t ¼ 22·14 (P¼0·03).
kAfter log-transformation of 4-ABP-Hb adducts, t ¼ 21·46 (P¼0·15).
{After log-transformation of 4-ABP-Hb adducts, t ¼ 21·95 (P¼0·05).
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